We report the discovery of superconductivity in binary alloy Sn1−xSbx with x in the range of 0.43 to 0.6, which possesses a modulated rhombohedral structure due to the incommensurate ordering of Sn and Sb layers along the c-axis. The specific heat measurements indicate a weakly coupled, fully gapped superconducting state in this homogeneity range with a maximum bulk Tc of 1.58 K at x = 0.46, though the electronic specific heat and Hall coefficients remain nearly x-independent. The nonmonotonic dependence of the bulk Tc is discussed in relation to the effects of Sb-layer intercalation between the [Sn4Sb3] seven-layer lamellae that are the essential building block for superconductivity. On the other hand, a zero-resistivity transition is found to take place well above the bulk superconducting transition, and the corresponding Tc increases monotonically with x from 2.06 K to 3.29 K. This contrast, together with the uniform elements distribution revealed by energy dispersive x-ray mapping, implies that the resistive transition is due to the strain effect at the grain boundary rather than the compositional inhomogeneity. The first-principles calculations on the representative composition Sn4Sb3 (x = 0.43) indicate that it is topologically nontrivial similar to Sb, but with different Z2 invariants (0;111). Our results not only identify a new superconducting region in the Sn-Sb phase diagram, but also provide a viable platform to study the interplay between structural modulation, nontrivial band topology and superconductivity.
for TSC with wide compositional tunability.
The binary Sn-Sb system appears to be attractive for this study. Its phase diagram has been studied extensively over the past few decades [18] , and three singlephase regions are identified as a function of the Sb content x [19] : a solid solution of Sb in Sn for x ≤ 0.08 [see [19] [20] [21] . This leads to an incommensurate modulation of the rhombohedral structure, which can be described by the superspace group R3m(00q) (q is the modulation vector). Intriguingly, the structure of pure Sb can also be characterized by the same superspace group, albeit with a commensurate q value of 1.5 [21] . Previous studies on the Sn-Sb system focus on its electrochemical performance as an anode material for Li-ion batteries [22] [23] [24] [25] , while little attention has paid to its physical properties. It is until very recently that we have provided clear evidence that SnSb (x = 0.5) is a bulk type-II superconductor below 1.50 K, while showing a zero resistivity transition at a significantly higher temperature of 2.48 K [26] . For other x values, however, no such study has been reported to date, and hence how the superconducting transitions evolve with x remains unclear. In addition, the topology of the electronic structure in these alloys has not been characterized.
In this paper, we report on the observation of SC over the whole homogeneity range of IM-Sn 1−x Sb x (0.43 ≤ x ≤ 0.6) by means of resistivity, magnetic susceptibility and thermodynamic measurements on high quality polycrystalline samples with good homogeneity. The resultant superconducting phase diagram shows that the bulk and resistive T c evolve quite differently. The former exhibits a maximum of 1.58 K at x = 0.46, though the electronic specific heat and low temperature Hall coefficients are nearly x independent. Furthermore, the analysis of the specific heat jump points to a weak coupling SC with nearly the same full gap structure for these samples. By contrast, a monotonic increase with x is observed for the resistive T c , which is likely due to the strain effect developed at the grain boundaries. In addition, first-principles calculations show that the most Sn-rich composition x = 0.43, whose structure consists solely of the [Sb 4 Sn 3 ] septuple layers, belongs to the (0;111) Z 2 class and can be viewed as a weak TI with bent bands, suggesting that it may host Majorana fermions along the dislocation lines. The implication of this result on the band topology of other compositions is also discussed.
II. EXPERIMENTAL
Polycrystalline samples of IM-Sn 1−x Sb x were synthesized by the two-step method as described previously [26] .
High-purity shots of Sn (99.99%) and Sb (99.999%) were mixed according to the stoichiometries of x = 0.43, 0.46, 0.49, 0.53, 0.57, 0.6 in an argon-filled glove box, sealed in evacuated quartz tubes, and melted at 900
• C for 2 days with intermittent shaking to ensure homogeneity, followed by direct quenching into cold water. The solidified ingots were then annealed without breaking the vacuum at 280-320
• C for another 2 days and quenched again into cold water. The crystal structure of the resulting samples was checked by powder x-ray diffraction (XRD) by using a PANalytical x-ray diffractometer with a monochromatic Cu-K α1 radiation at room temperature. The data were collected with a step-scan mode in the 2θ range from 10
• to 100
• . The Rietveld refinements of the XRD patterns were performed using the programm JANA2006 [27] . The morphology of the samples was investigated by Zeiss Supratm 55 schottky field emission scanning electron microscope (SEM), and their chemical compositions and homogeneity were measured with an energy-dispersive x-ray (EDX) spectrometer (Model Octane Plus).
For the sake of consistency, all the physical property measurements were carried out on samples obtained from the same ingot for each x. The resistivity was measured on bar-shaped samples by the standard four-probe method. The Hall coefficient was measured by sweeping the magnetic field from -9 T to 9 T. Resistivity and Hall coefficient measurements were performed in a Quantum Design physical property measurement system (PPMS-9 Dynacool) . Specific heat measurements were done in a PPMS-9 Dynacool down to 1.8 K and in a PPMS-9 Evercool II down to 0.5 K. The two sets of data are consistent within 5% in the overlapped temperature range. The measurements of dc magnetization down to 0.4 K were done on crushed powders in a Quantum Design magnetic property measurement system (MPMS3).
First principles calculations were carried out under the Density Functional Formalism as implemented in Vienna Ab-initio Simulation Package (VASP) [28] . For exchange-correlation approximation, we used a generalized gradient approximation (GGA) with a projector augmented wave pseudopotentials [29] . The 5s5p electrons for Sn and Sb were treated as valence electrons, and a 7×7×7 Monkhorst-Pack k-point mesh was employed to sample the Brilliouin zone of the rhombohedral unit cell [30] . The energy convergence criterion was set to 10 −8 eV and the ionic geometry was optimized until the Hellmann-Feynman force acting on ions was less than 10 −3 eV/Å. Full relativistic effects and SOC were considered within the pseudopotential scheme. The Z 2 topological invariants have been calculated using two different methods: the parity counting method [3] and Wilson loop method [31] .
III. RESULTS AND DISCUSSION
A. X-ray diffraction and SEM characterization
The XRD patterns together with structural refinement profiles for the series of IM-Sn 1−x Sb x samples are shown in Fig. 2(a) , and the refined structure parameters are listed in Table I . Here both Sn and Sb atoms occupy the same (0, 0, 0) position, and their occupancies are fixed by the stoichiometry. For x ≤ 0.53, there is a good agreement between the observed and calculated ones based on the R3m(00q) superspace group, not only for the main peaks of the R3m average structure but also for the satellite reflections due to the incommensurate modulation [see the inset of Fig. 2(a) ]. At higher x values, however, the satellite peaks becomes less distinct so that the qvalue can not be determined. In addition to the main phase, a very small amount of Sn-rich and Sb-rich impurities are present for x = 0.43 and 0.6, respectively, confirming that these compositions are located at the phase boundaries. Figure 2 (b) and (c) show the x-dependence of the refined lattice parameters and value of q-vector, respectively. With increasing x, the a-axis shows a nonmonotonic behavior with a maximum at x = 0.53. This is contrast to the case of Bi 1−x Sb x , where the a-axis decreases monotonically with x for 0 ≤ x ≤ 1 [32] , and suggests that Sb atoms do not simply substitute Sn atoms. Meanwhile, the α angle decreases slightly from ∼89.7
• to ∼89.5
• , which is in accordance with the gradual increase in the splitting of (111)/(11-1) peaks and points to an enhanced rhombohedral distortion. On the other hand, the q-value shows a linear increase with x, and an extrapolation of these data to x = 1 yields q = 1.5, which is exactly the value for pure Sb. The overall results are well consistent with those reported previously [20, 21, 26] , The chemical composition and homogeneity of these samples were checked by SEM and EDX measurements. As an example, the SEM image for the sample with x = 0.43 is shown in Fig. 3(a) . The data reveal the presence of a series of steps and terraces, in line with the layered structure. Remarkably, the EDX elemental mapping [ Fig. 3(b) ] results indicate that Sn and Sb distribute quite uniformly in the sample. Note that this is also the case for other x values (see Fig. S1 of the Supplemental Material [33] ). Hence, it appears that these samples are rather homogeneous in composition. This clearly differs from a previous study of SnSb, where micro-phase segregation with a characteristic length of a few hundred µm was observed [20] . Furthermore, as shown in Fig. 3(c) , the nominal and measured Sb contents show good agreement within the experimental error, further attesting the high sample quality. B. Resistivity and magnetic susceptibility Figure 3 shows the temperature dependence of resistivity for the IM-Sn 1−x Sb x samples. For better comparison, the data for each x are normalized to the value at 300 K. A metallic behavior is observed in all cases, while the residual resistivity ratio (RRR) decreases with increasing x. Note that the Hall coefficient at 1.8 K remains negative and nearly constant at a value of −2.5 × 10 −4 cm 3 /C across this x range (see Fig. S2 of the Supplemental Material [33] ). It thus seems that the incorporation of more Sb atoms does not introduce additional charge carriers but results in stronger electron scattering. At low temperature, all the samples show a transition to to a zero resistivity state, indicating the occurrence of SC. Following Ref. 26 , we define the resistive transition temperature T ρ c as the temperature corresponding to the midpoint of the resistive transition, and find that it increases monotonically with x from 2.06 to 3.29 K. Nevertheless, since the previous study on SnSb shows that T ρ c is not a bulk property [26] , its evolution with x is of extrinsic origin, to which we will return below. Figure 4 shows the zero-field cooling (ZFC) magnetic susceptibility below 5 K for the IM-Sn 1−x Sb x samples measured under an applied field of 5 Oe. The demagnetization effect was corrected by assuming that the grains have a cubic shape with a demagnetization factor of 0.3. Indeed, a diamagnetic response is observed for all cases, and the shielding fractions (SF) at 0.4 K are in the range between 91% and 106%, clearly indicating that all the samples are bulk superconductors. However, as in the case of SnSb [26] , the initial transition is rather broad, and the SF at T ρ c is less than 0.5% for these samples except for x = 0.49. In particular, as shown in the inset of transition involves only a very small fraction of the sample volume. In passing, there exists another diamagnetic transition around 4 K for x = 0.43, which is presumably ascribed to the Sn-based solid solution observed by the XRD.
C. Specific heat
To further characterize the IM-Sn 1−x Sb x samples, we have performed specific heat (C p ) measurements in the temperature range between 0.5 and 300 K. The low temperature data are plotted as C p /T versus T 2 in Fig. 5(a) . For all samples, a clear C p jump is observed, corroborating the bulk nature of SC. On the other hand, the C p data in the normal state can be well described by the Debye model C p /T = γ + β 3 T 2 + β 5 T 4 , where γ and β 3 /β 5 are the electronic and phonon specific heat coefficients, respectively. With β 3 known, the Debye temperature Θ D is then calculated as Θ D = (12π 4 N R/5β 3 ) 1/3 , where N = 2 is the number of atoms per unit cell and R = 8.314 J mol −1 K −1 is the molar gas constant. As can be seen in Table I , with increasing x, the γ value remains nearly unchanged while Θ D decreases monotonically. Since Θ D is inversely proportional to √ M (M is the molar mass), its decrease with x is as expected. Nevertheless, the change in Θ D is small such that the C p data of these samples almost overlap with each other at high temperature [see the inset of Fig. 5(a) ]. , all the normalized data collapse on the same curve, suggesting that the superconducting gap structure remains unchanged with varying x. Furthermore, as found previously [26] , the C el /γT jump follows closely that of the weak-coupling BardeenCopper-Schrieffer (BCS) theory [34] , and hence points to a fully gapped superconducting state in these samples. Assuming that the superconducting pairing is phonon mediated, one can calculate the electron-phonon coupling constant λ ep using the inverted McMillan formula [35] ,
where µ * is the Coulomb repulsion pseudopotential. Taking µ * = 0.13, λ ep values of 0.5-0.52 are obtained. This suggests that these IM-Sn 1−x Sb x samples are weakly coupled superconductors, in line with the magnitude of C el /γT jumps. Figure 6 shows the T c versus composition phase diagram for the binary Sn-Sb system, which incorporates the present results with those from Ref. 36 . As can be seen, our results reveal the presence of a second superconducting region for the system, which is structurally different from the known one based on tetragonal Sn. Although T bulk c of IM-Sn 1−x Sb x is considerably lower than that of the Sn-based solid solution, it shows a dome-like dependence on x with a maximum around x opt = 0.46, as can be directly seen in Fig. 5(a) . Since the carrier concentration and electronic specific heat coefficient are nearly x-independent, this behavior is unlikely related to a change in the density of states at the Fermi level. It is prudent to note that the most Sn-rich composition x = 0.43 is built up solely by the [Sn 4 Sb 3 ] septuple layers, and the stoichiometry for x > 0.43 is kept through the intercalation of additional Sb layers [19] . Hence it appears that the [Sn 4 Sb 3 ] layer is the essential building block for SC in IM-Sn 1−x Sb x . On one hand, the Sb-layer intercalation increases the separation between the [Sn 4 Sb 3 ] blocks, which may enhance T c . On the other hand, as shown above, the increase of Sb content results in a decrease in Θ D and a stronger electron scattering, both of which tend to suppress T gets larger with increasing x, and their ratio amounts to ∼2.7 at x = 0.6. As shown above, the zero resistivity transition in IM-Sn 1−x Sb x is confined to a very small part of the sample, and the possible origins include compositional inhomogeneity and strain effect at the grain boundaries [26] . The contrast behavior between T ρ c and T bulk c , in both magnitude and variation with x, rules out the former possibility. This is also corroborated by the SEM-EDX results shown above. As for the latter one, it is worth mentioning that an enhanced T c possibly due to internal strain was observed in (γ-Sn + β-InSn) composite alloy [37] . However, this T c value is found to be composition independent [37] , which also differs from the present case. In this regard, further investigations of the grain boundary properties in IM-Sn 1−x Sb x would be necessary to better understand the observed T ρ c behavior. 
D. Superconducting phase diagram

E. Band structure calculations
From the above results, one can see that the properties of IM-Sn 1−x Sb x are a combination of those of its constituent elements: it adopts the same structure as Sb, and shows SC in analogy to Sn. Given that Sb is topologically nontrivial [3] , it is of natural interest to examine the band topology of IM-Sn 1−x Sb x . To provide insight into this issue, we calculated the band structure of the most representative composition Sn 4 Sb 3 (x = 0.43). The crystal structure model [21] used in the calculation and the corresponding Brillouin zone are shown in Fig. 7 (a) and (b) , respectively. For Sn 4 Sb 3 , there are four time-reversalinvariant momenta (TRIM) points, namely Γ, X, L, T. As can be seen in Fig. 7(c) , the calculation results without SOC indicate that Sn 4 Sb 3 is a metallic system with both conduction and valence bands crossing the Fermi level. However, when turning on the SOC [ Fig. 7(d) ], the valence and conduction bands become separated over the whole Brillouin zone so that one can proceed to calculate the Z 2 topological invariants. With the parity counting method [3] , the calculated parity eigenvalues are −, −, +, + for the Γ, X, L, T points, respectively, which yields the four Z 2 invariants (ν 0 ;ν 1 ,ν 2 ,ν 3 ) = (0;111). This is further verified by calculating the Wilson loop, which tracks the evolution lines of Wannier charge centers on six TRIM planes (see Fig. S3 of the Supplemental Material [33] ). These results indicate that Sn 4 Sb 3 partially inherits the nontrivial band topology of Sb [(1;111)], and is in the weak TI phase. In this case, there is an even number of surface states for specific surface terminations [38] . Although these surface states are susceptible to localization by disorder, they can evolve into topologically protected one dimensional (1D) helical modes along the dislocation lines [39] .
There are two immediate implications of this result. Firstly, these 1D helical modes may support topological SC due to the proximity effect from the bulk. As a consequence, Majorana fermions confined to the dislocation lines could be detected by tunneling experiments [40, 41] . Secondly, it is reasonable to speculate that IM-Sn 1−x Sb x for the whole x range is topologically nontrivial, since the insertion of Sb layers between the [Sn 4 Sb 3 ] blocks does not induce a significant change in the band structure near the Fermi level, as evidenced by the transport and thermodynamic measurements. Nevertheless, given that Sn 4 Sb 3 and Sb belong to different topological classes, the Z 2 invariants may vary with increasing x. In the respect, the elucidation of the interplay between the structural modulation and band topology in IM-Sn 1−x Sb x could be a focus of future research.
IV. CONCLUSION
In summary, we have presented a combined experimental and theoretical study of Sn 1−x Sb x alloy with 0.43 ≤ x ≤ 0.6, which exhibits an incommensurate structural modulation due to the formation of a natural superlattice of [Sn 4 Sb 3 ] and Sb layers. BCS-like SC is observed for the whole x range, although a zero resistivity transition takes place well above the bulk superconducting transition.
The established phase diagram shows that the bulk T c has a maximum of 1.58 K at x = 0.46, though the Hall and electronic specific coefficients remain nearly constant with varying x. This nonmonotonic dependence of bulk T c is tentatively attributed to the competing effects induced by the insertion of Sb layers between the [Sn 4 Sb 3 ] lamellae, which are the essential building blocks for SC. On the other hand, the resistive T c increases monotonically with x from 2.06 K to 3.29 K. This, along with an uniform distribution of Sn and Sb in these alloys found by EDX elemental mapping, suggests that the resistive transition results from the strain effect that develops at the grain boundaries rather than compositional inhomogeneity. First-principles calculations on the band structure of the most Sn-rich composition and representative composition Sn 4 Sb 3 shows that it is topologically nontrivial with Z 2 invariants of (0;111). Consequently, Majorana fermions may exist along its dislocation lines due to the superconducting proximity effect from the bulk. Our results not only identify a new superconducting region in the Sn-Sb phase diagram, but also supply the first alloy system that combines structural modulation, nontrivial band topology and SC, which opens the door to study the interplay between these properties.
